Fabrication of high frequency nanometer scale mechanical resonators
from bulk Si crystals
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We report on a method to fabricate nanometer scale mechanical structures from bulk, single-crystal
Si substrates. A technique developed previously required more complex fabrication methods and an
undercut step using wet chemical processing. Our method does not require low pressure chemical
vapor deposition of intermediate masking layers, and the final step in the processing uses a dry etch
technique, avoiding the difficulties encountered from surface tension effects when wet processing
mechanically delicate or large aspect ratio structures. Using this technique, we demonstrate
fabrication of a mechanical resonator with a fundamental resonance frequency of 70.72 MHz and a
quality factor of 2<10*. © 1996 American Institute of Physid$S0003-695(96)04144-1

The combination of electron beam lithography and Siliftoff pattern, and the photoresist removed by soaking in
micromachining techniques makes it possible to fabricatecetone.
submicron mechanical structures from single crystal sub- We next deposited a polymethyl methacryl@&vIMA)
strates. Structures can be fabricated with fundamental mebilayer on the oxidized substrates, with a 400-nm-thick un-
chanical resonance frequencies reaching into the microwawgerlayer of 496 KD PMMA and a 100-nm-thick overlayer of
frequency bands, and can be made small enough that it 850 KD PMMA. We patterned the bilayer by electron beam
statistically unlikely that there are any crystalline defectslithography with a 40 kV accelerating voltage and a dose of
contained within the structure. Such structures should exhibi850 x C/cr?. A 100-nm-thick layer of Ni was then rf sputter
very high quality factors and other mechanical propertiegleposited onto the bilayer and then lifted off; the substrates
that reflect the true nature of the material, such as largéhen had the appearance of that shown in cross section in
breaking stress. Elsewhere we have shown that such devicEdd. 1(@).
can be used in a new class of particle and energy sensors due The pattern in the metal mask was transferred to the
to their very small mass, small size, high operating frequenoXide layer beneath it by anisotropic RIE in a parallel plate
cies, and sensitivity to external conditioh§urthermore, a reactof that has a 6-in.-diam cathode 4 in. anode-to-
resonator with a fundamental mechanical resonance frecathode spacing, and operates at 13.56 MHz. The cathode
quency of a few times fOHz can be fabricated; this could plate is water cooled to a little below room temperature. The
exhibit macroscopic quantum effects at dilution refrigeratoretch chamber is oil diffusion pumped, and was always
temperatures and might display interesting interactions witPumped to less than>210"° Torr. For oxide etching, we
thermal phonons with the same range of frequenties. used GFs flowing at 5 sccm with an indicated chamber pres-

Other authors have reported recipes for fabricating subsure of 60 mTorr. The chamber pressure was measured by a
micron suspended Si structufe$These recipes are some- thermocouple-type gaugeWe used a rf power of 50 W,
what more complicated and require more extensive proces§€Veloping a plasma voltage of 280 V to the cathode of the
ing equipment than the method we describe here. The findfactor. The etch rate of SjOn these conditions was 180~
undercut step of the suspended structures is performed in og£0 NM/min, and was stopped by timing the etch duration;
recipe by using a dry etch process, which avoids potentiaf'@ found that GF did not etch Si at a noticeable rate, so the
damage due to surface tension encountered in wet etch pr§Ming was not critical. The sidewalls in the patterned oxide
cesses. We first describe the method used to fabricate su¥ere quite vertical, with an angle at most 5° from normal. At
pended structures, and then describe the method used tga)us point, the substrates had the appearance of that shown in

measure the resonance properties of simple doubly clampé:dg' 1(b). , i i
beams and show data for one such structure. After removing the substrates for inspection, they were

We used(100) orientation, nominally undopea-type Si returned to the RIE chamber for anisotropic etching of the Si.

wafers with a resistivity at 298 K af~1000() cm. The sub-
strates were cleaned, and on them arh SiG, layer was
grown by pyrogenic steam oxidationrfd h at1100 °C, with
O, flowing at 0.4 scfm through water at 95 °C; this oxide
layer serves as a mask for the isotropic reactive ion etching
(RIE) of the Si substrate, the step that undercuts the sus-
pended structures.

Large area contact pads were defined by optical lithog-
raphy. A 100-nm-thick layer of Ni was rf sputtered onto a
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FIG. 1. (a)—(g) Schematic diagrams of the processing steps to generate
3E|ectronic mail: cleland@cco.caltech.edu suspended Si structures. The steps are as described.

Appl. Phys. Lett. 69 (18), 28 October 1996 0003-6951/96/69(18)/2653/3/$10.00 © 1996 American Institute of Physics 2653



FIG. 2. SEM micrograph of the structures following the anisotropic Si etch.FIG. 3. SEM micrograph of an undercut Si beam, with length of &7,
width of 0.33 um, and height of 0.&um. Some scalloping is visible along
the bottom edge of the beam.

We used a combination of NFand CC}F,, each flowing at

> sccm W.'th a chamber pressure of 30 mTorr, rf power WaSnetal-Si Schottky barrier, were greater than 1)Nbr bias

150 W, with a plasma voltage of 420 V. The etch rate for S'voltages of less than about 0.1 V

was f'ound' to be 1100 nm/min, with quite vertjcal §idewalls. Using the technique described above, we have fabricated

At th's.’ point the stru_ctures were as §h0wn in Figc)1a a number of suspended Si beams and have measured their
scanning glectron mmrqscop{é;EM) _mlcrograph of these resonance properties at a temperature of 4.2 K. The beams
structures is shown in Fig. 2. The Ni mask was removed bXNere placed in vacuum, with the long axis of the beam per-

yvet (r:]hemlcal etch:jng alrl1d r_|gsmg Irl]< ge—lonlzéﬂl)_ Wat_zr. .__pendicular to a magnetic field generated by a superconduct-
e then grew a sidewall oxide mask by pyrogenic oxi at'oning solenoid. Electrical connections were made by Au wire

at 1000 °C for 20 min; see F'.g'(d)' onds to a chip carrier, and short lengths of Cu wire were
In order to remove the oxide layer on the base gurfaceo Idered between the chip carrier and the center and the
the etched structure, thg substrate's were pla_ceq in the R ound of a stainless steel coaxial cable that carried signals
Champer and etchegl using the anlsotroplgzsné.):lpe; the 45 the room temperature electronics. A network analyzer was
etch time was 15 min, somewhat overetching to ensure thafqe 15 grive an alternating current along the length of the
all the be}se '?yef Sipwas removed. . . . beam and measure the response of the beam. The alternating
At th!s p_omt, th_e sub_strates had vertical ribs of Slngle'current, transverse to the magnetic field, generates a Lorentz
crys_tal .S" with a Fh'Ck oxide Iay<_-:-r on_the upper S“ff"?‘ce andforce that drives the beam transverse to its length and to the
a thin sidewall oxide on the vertical sidewalls; see Fig).1 field direction. The motion of the beam then generates an

The vertical ribs were undercut in the final step, which WaS,|actromotive forcéEMF) along the length of the beam: the

performed by RIE using pure NFetching was masked by gy is detected by the network analyzer. A schematic of the

the remaining oxide layers. The NHow rate was 5 SCCM, yeaqyrement setup is shown in Fig. 4. A similar technique
and the chamber pressure was 10 mTorr; rf power was 1Sﬂas been used by other authbrSeveral authors have re-

W, with a p'asm"’? voltage of 450 V. I_Because the etch rate %orted measurements on larger beams at lower frequencies
the top layer of SiGwas nearly as rapid as the eich rate of S"[gerformed using either electrosté&tior opticaP detection,

timing in this step was critical. The structures were examine ut these techniques do not extend easily to smaller struc-
by SEM to ensure complete undercutting; see Fig. 3. NOt?ures at higher frequencies

that the undercut is not flat under the structure, but has a
sharp point in the middle of the structure due to the isotropic

nature of the etch; furthermore, we always observed some oo __
scalloping along the length of the structure, probably due to Refl.  Network

adhesion layer of C(5—10 nm followed by a layer of Au
(100 nm. The undercutting of the entire structure ensured
that the Au evaporated on the top of the structures was elec-
trically 'SOlateq from th"f‘t d?pOSI'Fed n t_he base of the subgg_ 4. schematic illustration of the experimental setup used to measure the
strates; see Fig.(@). Typical isolation resistances, due to the resonance properties of the Si structures.

variations in oxidation of the exposed Si surface. Use of a ] 1 Analyzer
non-RIE based etémight improve the surface quality. P,

At this point the structures were complete. The oxide
layers could be removed by wet etching in hydrofluoric acid
(48%) and rinsing in de-ionized water. Metallization was ! 1 Vacuum
also performed at this point, by thermal evaporation of an T=4.2 K
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- — - resonance shape, was found to be abouk1@. Shown in

Fig. 5b) is the peak height of the resonance measured as a
function of the magnetic field induction; the induced EMF
scales as the square of the field strength, as expected.

Note that the vertical scales of the plots in Fig. 5 cannot
be interpreted to give beam displacements, as we do not
know the exact coupling parameters of the beam to the co-
axial cable used to transmit the radio-frequency signals.
However, we estimate that the maximum displacement am-
plitudes for the data shown in Fig. 5 are a few nanometers.
Larger drive currents were also used; they generated very
noticeable divergences of the resonance shapes from the

. . s Lorentzian, as was expected from terms of higher order than
70.68 70.72 70.76 the amplitude squared in the beam bending energy.
Frequency (MHz) It would be of great interest to fabrigata 1 GHz reso-
nant beam using this technique by simply reducing the length
FIG. 5. Induced EMF as a function of drive frequency for the structure in|_ of the beam by a factor of 4. However, this would reduce
Fig. 3_. Magnet?c field strength ranged from 0.% T at atemperature of 4.2 ha signal-to-nois¢S/N) ratio of the measurement technique
K. Drive amplitude was 10 mV. Inset: Induced EMF at resonance as . .
function of field strength. The vertical axis has same units as the main plot: y a factor of at least 64, and more if ti@ is adversely
affected by the reduction in aspect ratiéw. We propose
Eabrlcatlon of a beam with dimensions XB8.15
X 0.2 um?, with an expected S/N reduction of about 10 if
the Q remains the same. A reduction in the length and width
®n E w of the beam of this order is fairly straightforward, while re-
E:Cn p L2’ (1) ducing the height would require very careful timing of the Si
anisotropic etch. Use of laser end-point detection during RIE
should make this feasible.

In conclusion, we report on a method for fabricating
submicron single-crystal mechanical resonators that uses a
single metal mask, two steps of thermal oxidation, and four
steps of reactive ion etching to generate a suspended me-
chanical structure. We have also shown data taken on a radio
ﬁequency resonator at low temperatures, with a reasonably
‘high quality factor. Work is in progress to fabricate resona-
tors with higher fundamental resonance frequencies, and we
are investigating methods to reach even higher quality fac-

F(a))/keﬁ tors.
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These beams should have mechanical resonance fr
guenciesw,, as given by

whereE is Young’s modulusp is the densityw is the beam
width in the direction of motion, and is the beam length;
the constant&,,, of order unity, depend on the mode num-
ber n and on the clamping conditions at the ends of the,
beam. If such a beam is driven by a foreéw) near a
resonance frequenay,, then to first order in the mode am-
plitude the beam responds as a harmonic oscillator and, a
suming a damping term proportional to the beam velocity
the amplitudeu(w) should have a Lorentzian line shape
given in
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